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[57] ABSTRACT 

A technique and system for accurate determination of 
differential propagation delays in fiber-optic circuits. 
The method includes providing a sinusoidally modu- 
lated optical signal to each of two waveguides defining 
optical paths. The optical signals received from the 
optical paths are combined to form a reference output 
signal which has a null waveform whenever the propa- 
gation delay between the optical signals contains an odd 
number of half periods of the optical signal waveforms. 
The difference in the sinusoidal modulation frequency 
producing a first and second null or constant waveform 
in the reference signal is determined. This difference 
value between adjacent frequencies forming the null or 
constant waveforms comprises the inverse of the differ- 
ence of signal propagation delay in the two optical 
paths. Accuracy is improved by measuring the sinusoi- 
dal modulation frequencies corresponding to first and 
second waveforms which are not formed by adjacent 
frequencies. The difference between those nonadjacent 
frequencies is divided by the difference in the reference 
waveform orders of the null reference waveforms to 
obtain the inverse of the differential propagation delay. 
Further accuracy is achieved by measuring at least one 
of the waveform nulls at a high waveform order. Still 
further accuracy is achieved by monitoring the refer- 
ence waveforms on a network analyzer and using a 
frequency synthesizer to more precisely match and 
identify the modulation frequencies corresponding to 
the null reference signal waveforms. A system is dis- 
closed for implementing this technique optionally using 
optical sources having a short coherence length. Mathe- 
matical relationships are disclosed for use with mea- 
sured values in obtaining further improved accuracy. 

31 Claims, 2 Drawing Sheets 
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long optical fiber systems such as communication sys- 

S yS^^2^S52 D F0R ACCURATE LOOP terns which have a break somewhere along a 1 kilome- 

LEr S^S^^ ON W ^ER-O^IC ter length of line. This system can be used to approxl 

SENSORS AND SIGNAL PROCESSORS raate l y identify the location of concern, within a Wler- 

RArKORninsm top iNvrNnnv 5 mce which 18 P robab, y ° n 'he order of 10 centimeters. 

BACKGROUND OF THE INVENTION Although such a technique finds application as de- 

1. Field of the Invention scribed above, it cannot provide measurements which 
The present invention relates to measurement of loop even approach the tolerances necessary to find useful 

length in fiber-optic circuits such as sensors and signal application in the determination of propagation delay in 

processors, and more particularly to a method for the 10 sensing, signal processing and filtering circuits, 

accurate determination of differential propagation de- Another technique which has been utilized for deter- 

lays in such fiber-optic circuits. mination of differential signal propagation time in opti- 

2. The Pnor Art cal fiber sensors and similar circuits is a technique re- 
Fiber-ophc coils are commonly used today as delay ferred to as optical frequency domain reflectometry In 

hnes in various applications. For example, fiber-optic 15 this technique, an optical input signal is frequency mod- 
delay lines are utilized in interferometric fiber-optic ulated by use of a ramp frequency in time. The fre- 
SS^fiiST t^h ^ proces T' m * fiber -°Ptio quency modulated signal is communicated into a pair of 
^„Si5^ eky lines may be used in combma- optical waveguides having different optical path 
™llrr?? ° Pf0 ^ UCe d ^ nces . m , n lengths. The signals propagated from the pit of wave- 
cffiXTe^ 20 "-J"" ^al is monitored to 
trip delay determine the difference in frequency at each moment. 

Thereisoftenaneedforanaccuratedetenninationof 2£2^^ 
the relative propagation delays in optical circuits such ^ » f *?* ° f wav n e * u,des ' 

as those mentioned above. For example, matching of 25 frequency domain reflectometry tech- 

the path imbalances in pairs of interferometers used in ""J?* ? * We t0 mee ! many of the recmired toIeran ces of 
sensor arrays is important to insure that phase-induced ?? CU ? UltS * M sensors and Pressors, 
intensity noise does not arise to a measurable level on H ™ever, because frequency modulation is utilized, the 
the signal pulse propagating within the interferometers. to™^ requires that the path length difference which 
Without matching of the paths, the uncompensated 30 18 b ^ m 8 measured be shorter than the coherence length 
imbalances in the various loop lengths require the use of laser ' . As a resuIt » sucn a system can only measure 

long coherence lengths in signal sources, and/or the moderate differences in arm lengths. The maximum 
uncompensated imbalances introduced phase-induced difference is, of course, dependent upon the coherence 
intensity noise into the signals propagating within the len 8 tn of the source. Based upon optical sources which 
sensor arrays. ~ 35 are commonly available in the commercial marketplace, 

The performance of fiber-optic lattice filters depends such a differ ©nce is typically not more than a range of 
on the tolerances of the filter delay line lengths. These about meters, depending upon the optical source, 
tolerances may reach 1 millimeter in 100 meters or, in In addition, this technique is limited with respect to the 
other words, 10 parts per million (PPM). minimum difference which can be detected to an 

Various techniques have been applied in the past in 40 amount on the order of about 15 centimeters. Thus, 
efforts to measure propagation delays in fiber-optic because of the complexity of the equipment required for 
circuits and, in particular, to measure the differential accomplishing such techniques, as well as the limited 
propagation delays in pairs of optical circuits used in ranges in which the technique can be applied, there are 
applications such as those described above. These tech- many applications which cannot be serviced by such 
niques have been subject to limitations which have 45 techniques. 

made it difficult to achieve the tolerances necessary for For example, one technique which may be used for 
optimum design. measuring the differential propagation delays comprises 

For example, one technique which has been used for an impulse response measurement of the system. Such a 
somewhat different applications is referred to as optical measurement consists of putting a short optical pulse 
time domain reflectometry. This technique has often 50 into the system and detecting the resulting pulses at the 
found application in monitoring the integrity of optical output of the fiber-optic system. A measurement may be 
fiber communications systems and other long line opti- made of the time delay between adjacent pulses to pro- 
cal systems. The technique comprises launching a nar- vide a measurement of the optical path length difference 
row pulse of light into an optical fiber, wherein it is between adjacent arms in the fiber-optic system. This 
continuously Rayleigh scattered as it propagates along 55 method suffers from several disadvantages, including a 
the fiber. Some of the scattered light will be returned to limitation on the accuracy with which such measure- 
the launch point. The intensity information present in ments may be made, depending upon the width of the 
this back scattered light is used to determine the distri- input pulse from the source. In addition, the cost of 
bution of attenuation along the optical fiber. This atten- equipment associated with this type of method rises 
uation information is particularly useful for locating bad 60 rapidly with the requirement for improved resolution 
joints and anomalously lossy sections of fiber. It has This results from the fact that both lasers and detectors 
been proposed to also use polarization information con- necessary for detecting short pulses become increas- 
tained m the back scattered light, to determine the dis- ingly expensive as the width of the pulse which is to be 
tnbution, along the length of the fiber, of external influ- produced or detected in decreased, 
ences which effect the polarization state of the light 65 In view of the above, it would be a great improve- 
propagating in the fiber. ment m ^ technology to provide a reliable and easily 

Such a system is useful in locating breaks, bad joints implemented technique to accurately measure the dif- 
and the like or m detecting environmental conditions in ference in propagation delays in fiber-optic circuits It 
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would be a further improvement in the technology to to achieve a desired delay period by using any tech- 
provide such a technique and system which could pro- nique which can remove small lengths of fiber from one 
vide differential propagation length measurements at or the other of the waveguides which define the optical 
very small tolerance values and throughout a very path lengths. By this means, the propagation delay may 

broad range of optical path length differences. It would 5 be either increased or decreased, 

be a still further improvement in the technology if such Because of the simplicity and ease of application of 
a technique were provided which made use of the prop- the method for determining the differential delay, one 
erties and characteristics of the circuits themselves may repeatedly determine the delay and then adjust the 

when making the measurements. lengths of the waveguides for as many iterations as 

BRIEF SUMMARY OF THE INVENTION 10 £*J *J chieVe - ^ * VCTy SmaU t0,enmce ' ^ 

The present invention comprises a novel method and The technique of the present invention provides a 

system for accurately determining differential propaga- means for both detecting differential propagation delay 

tion delays in fiber-optic circuits such as those com- values and matching those values to a desired level in a 

monly found in sensing and signal processing arrays. 15 manner which is very accurate, and easy to perform. 

The method utilizes the high order frequency filtering The technique permits matching of delay periods to 

characteristics of these circuits in accomplishing its tolerances such that sensitive interferometric systems 

function. can utilize optical sources having a short coherence 

The method comprises transmitting a modulated opti- length, thereby including a wide range of commercially 
cal signal at a selected range of frequencies into each of 20 available lasers which are less expensive and more corn- 
two optical waveguides. The optical signals output pact than those having longer coherence lengths. In 
from the waveguides are summed to produce a refer- addition, it is necessary for the proper functioning of 
ence signal which is monitored by equipment such as a fiber-optic signal processing systems that the length of 
spectrum analyzer to identify signal nulls in the refer- fiber-optic delay lines in such systems be accurately 
ence signal waveform created at modulation frequen- 25 determined. Further, the technique accomplishes its 
cies where an odd number of half periods of the sinusoi- purpose by utilizing the high order frequency filtering 
dally modulated signal fit into the propagation delay characteristics of the circuits themselves, and thereby 
period between the signals propagating in the two cir- minimizing the requirements for external, technically 
cuits. A signal null is defined herein to be the condition complicated equipment. 

wherein the reference signal does not reflect the input 30 ^r, n o«,n^ rt », A ,,,^ T ^„ 

modulation frequency. BRIEF DESCRIPTION OF THE DRAWINGS 

The frequency of the sinusoidally modulated signals FIG. 1 is a schematic drawing illustrating a feed-for- 
transmitted into the two signal paths is varied over a ward embodiment of an interferometric fiber-optic sen- 
large range of frequencies, encompassing many nulls in sor circuit. 

the reference signal. The modulation frequency corre- 35 FIG. 2 is a schematic drawing illustrating a portion of 
sponding to one particular null is noted, and then the * a fiber-optic signal processor system, comprising a re- 
modulation frequency of a second substantially null circulating or feed-backward loop circuit, 
waveform is noted in the reference signal. FIG. 3 is a schematic drawing of a Mach-Zehnder 

A value representative of the difference in the signal interferometer, illustrating a sinusoidally modulated 
propagation time between the first and second signal 40 optical input signal and the corresponding optical out- 
paths is identified by determining the difference be- put signal at a first modulation frequency, 
tween the frequency which produced one substantially FIG. 4 is a schematic drawing of a Mach-Zehnder 
null waveform in the reference signal, and the fre- interferometer, illustrating a sinusoidally modulated 
quency which produced another substantially null value optical input signal and the corresponding optical cut- 
in the reference signal, along with a determination of 45 put signal at a second modulation frequency, 
the number of nulls between the two measured frequen- FIG. 5 is a schematic drawing of one preferred em- 
cies. bodiment of a system for detecting differential propaga- 

More accuracy can be obtained in identifying the true tion delays in accordance with the method of the pres- 

modulation signal frequencies which produce the null ent invention. 

waveforms by examining corresponding notch signals 50 FIG. da is a graphical illustration of a notch wave- 

which are displayed on a network analyzer or a spec- form presented on a spectrum analyzer and correspond- 

trum analyzer when a null is detected. A frequency ing to a null in the reference signal produced at a first 

synthesizer is used to generate another signal which is modulation frequency. 

compared in the spectrum analyzer with the notch sig- FIG. 6b is another graphical illustration of a notch 

nal. By adjusting the frequency synthesizer, its associ- 55 waveform presented on a spectrum analyzer and cor- 

ated signal can be made to essentially match the fre- resonding to a null in the reference signal at a second 

quency of the notch signal to a very small tolerance. modulation frequency. 

When a notch and a synthesizer signal are overlapped _______ ncc/mTivrTnvi ™? tuc 

on the spectrum analyzer display, the frequency of the Ire^pr^ fm^HIM?^ 

notch signal is detennined by reading the correspond- 60 PREFERRED EMBODIMENT 

ing frequency being produced by the frequency synthe- The invention is best understood by reference to the 

sizer. figures wherein like parts are designated with like nu- 

Having monitored the system to obtain information merals throughout, 
representative of the differential propagation delay, a One basic circuit which is used in optical fiber sensors 
more exact value for this delay can be determined 65 and signal processors comprises the feed-forward cir- 
through use of mathematical relationships. cuit illustrated in FIG. 1. This particular circuit corn- 
Once the differential propagation delay of a pair of prises a number of series-connected Mach-Zehnder 
optical paths is determined, one may change that delay interferometers. This circuit may be used in a number of 
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applications, including signal processor systems or sen- propagation delay of arm 32 is identified as r 2 . Accord- 

sor arrays, ingly, the difference in the path lengths correspond to a 

Preferred embodiments of tnterferometric fiber-optic difference in the propagation delays r, and t 2 , which is 

remote sensor system such as the one illustrated in FIG. also referred to as the differential propagation delay 

1 are described in detail in U.S. patent application Ser. 5 and is designated as r 

No. 738,678 filed May 28 1985 and entitled "Distrib- The optical path lengths of the arms 30 and 32 are 

uted Sensor and Method Using Coherence Multiplexing constructed to be sufficiently different so that the opti- 

of Fiber-Optic Interferometric Sensors," and in U.S. cal signals input through coupler 28 will be output 

i£t No P ?fi\ n °h T Unl ^T 0 n 0£ (A ^ 0rney throU8h °P tical C0U P ,er 34 at *"» which are wflB- 
Docket No. STANF.71A) filed June 23, 1986 to Kim et 10 ciently different so that the signals do not coherently 

vJ« p . ^ SenS °f ""J. Meth0d cou P le - As a resu,t - the si S^ *hich passes through arm 

Using a Pulsed Signal Source," which application is 30 is maintained substantially intact and separate from 

"Sh™^ S f"? ; 5? ^ f"? 61 * thC si8Ml Whi0h passes throu 8 h ann 32 ' wnen the sig- 
Coherence Multiplexing of Fiber Optic Interferomet- nals are coupled at the coupler 34 

™ S Nrf ™\<^ 15 1110 transmitted from interferometer 20 are 

o&. No. 5. pages 1062-1071, (October 1985), the patent received in interferometer 22. with a portion of each 

application being assigned to the assignee of the present signal being transmitted through each of the arms 38 

invention. These documents are hereby incorporated by and 40. Again, arm 40 is constructed to define an optical 

reference. path length which js long<Jr fhan ^ 3g Jn 

An exemplary application which utilizes the fiber- 20 path length difference between arms 38 and 40 is 
optic circuit configuration of FIG. 1 is a passive remote matched as closely as possible to the optical path leneth 
interferometnc sensor comprising at least a first sensing difference between arms 30 and 32 of interferometer 20 
interferometer generally indicated at 20 and a compen- As a result, the portion of the optical signal which trav- 
eling or receiving interferometer generally indicated at eled through arm 32 in interferometer 20, and which is 
w„„ „ ort -.„, . t . _ ,„„ 25 coupled through arm 38 of interferometer 22 will have 
More particularly, the sensor configuration of FIG. 1 traveled substantially the same optical path length as 
includes ; a first optical fiber 24 and a second optical fiber the signal which passed through ann 30 If interferon^ 
26 which are placed in optically coupling relationship in ter 20 and through arm 40 of interferometer 22. Accord- 
ant ^S.,^ t, ° n ? 1 ^ 0Up1 ^ 28 , ft t0 ^ 8,1 togly ' &ese °P ticaI SW** coherently couple in the 
£o,ft ?i mter t erometer l . 2,) - J« d .^- 30 coupler 42, providing a phase difference output signal 
tonal coupler 28 is of the same type as other directional which is representative of the environmental effects 
couplers utilized in tfie optical fiber systems described which influenced the optical signal propagating 
herein One preferred embodiment of a directional cou- through that arm of interferometer 20 which was sen* 
pier which may be used in the system is described in tive to environmental effects. 

detail in U S. Pat No. 4 493,528 entitled "Fiber-Optic 35 The ability to closely match the differential phase 

£°? Ple £ U ^ ^ 4,536,058 enti - de,ay of ** interferometer 20 with the interferomefer 

%LH5£%? D / reCt ? 0nal C ^ pler " b °! h ° f said 22 ^ overcomes the above problem. SucTa 

patents assigned to the assignee of the present invention. method is described herein, with reference to its appli- 

These patents are hereby incorporated by reference. cation in an optical interferometer of the type generally 

After passing through coupler 28, optical fibers 24 40 indicated at 20 and 22 

™ fl d J^tf reSPeCt ! Vel , y n # ann 30 a / econd ^ reference to FIG - 2, another fiberoptic circuit 
S^SS « •« / ; A V leaSt 3 P° rtIOn ° f ° De ° f Which 15 commonly used in fiber-optic applications and 
mJZZ£'J?l ^ f0f eXP °^ e t0 €nVir0n - Which "1™* differential propagation delay 

menul effects, such that they are sensitive to and re- matching may be described. SpecificaHyfthe circuit of 
f ^ P«ase of opti- 45 FIG. 2 comprises a feed-backward orbackw^rdlw 

(£(Sl K?l| am • , • „ ^circulating loop which finds application in systems 

JXE? 2 t- and 26 "* a f "? P^ m oP^y s "ch as fiber-optic signal processors. The circuit may be 
ZnW 8 J r ^ m * SeCO " d f,b !^ c directional utilized, for example, in combining successive optical 
S™^ 8 ™ °T PT 0f J?. terfer0meter 20 - traveling along an optical fiber in accomplishing 

The compensating interferometer 22 is constructed in 50 addition of the pulses, or in performing steps in mathe- 
a^timoally identical configuration to the interferon!- matical processes such as matrix muftipficatil This 

SSSl fV 0 ™** 2 ^ ^ CifCUit 3,50 fulds a PP lication in m«P« lattice filter 
fir £ ?k P r" 3 tmrd ^P 1 " 5 ?° u - ^ device of FIG. 2 comprises an optical waveguide 

P ™ « r ^ !^ f °J™' ""P"*"* 1 * 8 ^ such as an optical fiber 50 which extends through a 

am3 » a ? da Jo^h a rm40 Intmscase.thearn^ fiber-optic directional coupler 52. After passing 

throUgh ^"P 1 " » tended length o the optical 
^Jlezfjn JZZ ' t0 . env 1 ,rOnme " tal ™ e f,ber 50 » configured to define a delay line which again 

^™«hml P ? ""PtfUy oouphng relationship passes, at its other end. through coupler 52 so as to be in 
L JS"? ^Pfo directional coupler 42. forming optical coupling relationship with the location on fiber 
A?l ^r7 ^ n s f farometer 22 - 60 50 *hich first passed through the coupler 52. This ere' 

co A r^.™tio m . ter / eronle t e r 2? is Ulustrated u. a coiled ates a recirculating delay line having a round trip signal 
SSSS dd ? m ? an .£? tlCa i P f t % ,Cn ? h Which fa Propagation delay r which depends upon the lengthT of 
tonger than the optical, path length defined by arm 30 of the recirculating loop, generally indicated at 54. 

^LT^ST;^ ^ f ° ptiCal Paths a Afterpassingthroughcoupler52forthesecondtime, 

w?" 16 T °r fOT "* ° p,ical Signal 65 optical fiber S0 P^ 5 to ^th* fiber-optic directiona 

l P Zttvt' he Pa ^ referred t °, aS , the Si8nal COupler 56 and forms an °ther recirculating loop 58 

propagation delay The signal propagation delay on arm configured in the manner described with respect to 

30 is represented by the term n. Similarly, the signal recirculating loop 54. P 
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The round trip delay r of the recirculating loops 54 which is sinusoidally modulated at a first selected fire- 

and 58 is selected so that the optical signals which are to quency such as illustrated at 114 will produce a sinusoi- 

be processed will pass through the respective couplers dally varying optical signal 116 traveling in arm 108 

52 and 56 at those times which will place the incoming which experiences a propagation delay period of r\. 

signals and the recirculating signals in appropriate rela- 5 The signal 114 will also produce another sinusoidally 

tionship with respect to each other on the fiber 50. For varying signal 118 traveling in arm 110 which experi- 

optimum performance of the configuration of FIG. 2 ences a propagation delay of T2. At the output of cou- 

when used in applications such as fiber-optic lattice pier 106, the waveforms 116 and 118 have a relationship 

filters, the preferred tolerances of the optical signal path to each other which is based upon their relative arrival 

lengths may reach 1 millimeter in 100 meters, or 10 10 times at the coupler 106, with this relative arrival time 

parts per million. The method of the present application corresponding to the differential delay period indicated 

permits these tolerances to be reached in determining at 112. 

the differential propagation delay t detected in the In the situation illustrated in FIG. 3, the frequency of 

optical fibers at the output of couplers 52 and 56. the signal 114 is such that the differential propagation 

Preferred embodiments of fiber-optic signal proces- 15 delay period t corresponds to i the period of the sinu- 

sor systems and fiber-otpic lattice filters utilizing optical soidal modulation. Accordingly, the signals which are 

circuits such as that disclosed in FIG. 2 are described in combined in 106 are summed together to produce an 

detail in U.S. patent application Ser. No. 503,871 filed output having a waveform which is a constant or null 

June 13, 1983 and entitled "Optical Guided Wave Sig- 120 in the sinusoidal modulation at the modulation fre- 

nal Processor For Matrix- Vector Multiplication and 20 quency 14. 

Filtering," and in U.S. patent application Ser. No. A null is defined herein to be the condition wherein 

622,637 filed June 20, 1984 and entitled "Cascaded the reference signal does not reflect the input modula- 

Fiber Optic Lattice Filter," and also in Moslehi et al. tion frequency. For example, if the unmodulated input 

"Fiber Optic Lattic Signal Processing," Proceedings of signal has a constant, level amplitude (e.g„ flat), then 

the IEEE, Vol. 72, No. 7, page 909 et seg., (July 1984), 25 the signal output from coupler 106 of FIG. 3 will also 

the patent application being assigned to the assignee of have a constant, level amplitude. This occurs because 

the present invention. These documents are hereby the signals combined in coupler 106 from the arms 108 

incorporated by reference. and 110 will both have constant, level amplitudes. How- 

The technique of the present invention can be de- ever, when a periodic modulation signal such as the 

scribed in general terms by reference to FIGS. 3 and 4. 30 sinusoidal signal 114 is applied to this input signal, the 

Referring initially to FIG. 3, an optical fiber interferom- waveforms 116 and 118 input to arms 108 and 100 have 

eter such as that illustrated at 20 or 22 in FIG. 1 is a periodic frequency corresponding to the signal 114. 

illustrated. Specifically, FIG. 3 illustrates an interfer- Accordingly, the output signal from coupler 106 will 

ometer generally indicated at 100 which includes a first directly reflect the sum of these modulation signals, 

optical fiber 102 having an input fiber-optic directional 35 Certain frequencies of the modulation signal on the 

coupler 104 and an output fiber-optic directional cou- input 114 will produce output signals 116 and 118 

pier 106 positioned thereon to form a first arm 108 ex- whose modulation signal components are 180° out of 

tending between the couplers 104 and 106. A second phase with each other. In this condition, there are an 

arm 110 is formed by an optical fiber segment which is odd number of half periods of the waveforms 116, 118 in 

secured at each of its ends in optical coupling relation- 40 the differential delay r. These modulation components 

ship with optical fiber 102 by means of directional cou- in the output signals cancel each other in this situation, 

piers 104 and 106. leaving the waveform 120 which has a constant, level 

Arm 108 of the interferometer 100 defines an optical amplitude defining a null waveform, 

path having an optical signal propagation delay be- Referring now to FIG. 4, the interferometer 100 of 

tween couplers 104 and 106 identified as t\. Also, arm 45 FIG. 3 is illustrated with an input optical signal which 

110 defines an optical path having an optical signal is sinusoidally modulated at a second frequency to form 

propagation delay between couplers 104 and 106 identi- an input signal having a waveform illustrated at 150. 

fled as T2. Accordingly, the differential propagation The input signal 150 produces a signal on arm 108 hav- 

delay for an optical signal entering interferometer 100 ing a waveform such as that illustrated at 152. The input 

via coupler 104 is identified at coupler 106 as the value 50 signal also produces a signal on arm 110 in the configu- 

t, which corresponds to the relationship t=ti— T2. ration illustrated at 154. At this second sinusoidal modu- 

This differential propagation delay period r is generally lation frequency, the differential propagation delay 112 

indicated at 112 in FIG. 3. between the two signals 152 and 154 at the coupler 106 

If the light that is sent into the interferometer 100 of is exactly one period, meaning that the signals 152, 154 

FIG. 3 comes from an optical source that has a coher- 55 are in phase with each other. Accordingly, when the 

ence length that is much shorter than the differential signals are additively combined in coupler 106, the 

propagation delay t=ti — ti, then the light will not output signal detected from coupler 106 comprises an 

interfere at the second coupler 106, but rather it will add output signal 156 which is substantially identical to the 

algebraically. Further, if the optical signal input to the input signal 150. 

interferometer 100 is sinusoidally modulated at a partic- 60 As the sinusoidal modulation frequency on the input 
ular frequency such as a radio frequency (RF), the signal is changed, the output signal 156 will also change 
amount of the modulation detected at the output of based upon the additive relationship of the signals prop- 
coupler 106 will depend on the differential propagation agating in arms 108 and 110 when they are combined in 
delay r. Accordingly, the device used in this manner coupler 106. However, the waveform of the output 
comprises an RF interferometer. 65 signal from coupler 106 will only be at a constant or null 
The amount of modulation seen at the output of cou- such as at 120 of FIG. 3 when the differential propaga- 
pler 106 also depends on the particular input modula- tion delay period t is an odd number of half periods of 
tion frequency selected. For example, an optical signal the signals traveling in arms 108 and 110. Thus, as the 


10/14/2003, EAST Version: 1.04.0000 


4,768,880 

9 10 

sinusoidal modulation frequency of the input optical 
signal is increased, the constant or null waveforms of 

the output signal from coupler 106 are repeated periodi- W = ^i«p[(2»ifri)l + AitxpMvjfri)] (l) 

cally, each time the differential propagation period = M</)txp[(jd(/))] 

between the signals from arms 108 and 110 corresponds 5 

to an odd number of half periods of those signals. It is Wherein: 

through measuring at frequencies where a very large coefficients Ai and A 2 , both non-negative numbers, 

number of half periods fit into the delay t that accura- depend on the coupling ratios of the two couplers 104 

cies on the order of 10 parts per million are possible in and 106, as well as on the losses in the two arms 108 and 

the determination of t. 10 110; 

The nulls of the output from coupler 106 are indica- f is the RF frequency; 

tive of the differential propagation delay. Accordingly, r\ and r 2 are the delays in arms 108 and 110, respec- 

as the sinusoidal modulation frequency is increased, a tively; 

value providing an indication of the differential propa- M(f) is a measure of the amount of modulation at RF 

gation delay can be obtained by determining the differ- 15 frequency f at the output of coupler 106; and 

ence in sinusoidal modulation frequencies which pro- 0(f) is the frequency dependent phase of T(f) 

duce adjacent null values. This difference value pro- Since the voltage output of photodetector is propor- 

vides a rough approximation of 1/r. tional to the incident optical intensity, a logarithmically 

A more accurate determination can be achieved by calibrated network analyzer, or spectrum analyzer will 

identifying a reference null value, and then counting the 20 display a quantity which is proportional to: 
number of null values to a selected null value which is 
somewhat removed, such as 5 or 10 null values from the 

reference, and measuring the difference in frequency Mh ^ = m °& M Vl] (2) 

between the reference and the selected null value. That = lologH,* + a* + l4M 2 cos(2«/r)] 

frequency difference, divided by the difference in null 25 

values between the selected null value and the reference in the above relationship, minima, or notches, corre- 

null value provides a more accurate estimate of the sponding to constant or null wa^foraa s^nihtt 

characteristic frequency 1/r. Of course, this value is Xstrated at 120 of FIG ToZnlS 
representative of r, which is its inverse. 

The accuracy of the above process may be further 30 

improved by feeding the output signal from coupler 106 /notch = -jhr + < 3 > 
into a network analyzer such as a spectrum analyzer 
which, when synchronized to the rate at which the 

modulation frequency of the source is scanned, displays i is an integer defining the notch order. The order of 

notches in the frequency spectrum when a null or con- 35 a particular notch is determined by counting the 

stant output signal waveform is detected. These notches notches which occur as the sinusoidal modulation fre- 

can be used to very accurately identify the signal fre- quency is increased from a value of 0, with the initial 

quency producing the corresponding null and, there- value of i beginning at 0 for the first notch detected, 

fore, the above-described technique for determining the The depth of these notches, as measured by the ratio 

frequency which relates to 1/t can be made more pre- 40 of peak/minimum, is: 
cisely. The accuracy of the result may be improved still 

further by making the measurements at notch values 2 

formed by high frequency modulation signals, since f (a x + a $ 1 (4) 

notches increase in depth as the associated modulation = 10Iog L 0*i -^2) J 

frequency increases. The increased depth permits a 45 

more accurate identification of the actual modulation According to Equation (4), a depth of 50 dB, whichis 

frequency producing the null waveform. a practically obtainable value, requires a matching of 

Even more accuracy can be obtained by utilizing a Ai and A 2 to within | Ai-A 2 |/| Ai+A 2 | ^0.003. Tnis 

frequency synthesizer in combination with the spectrum tight tolerance can be achieved either by adjusting the 

analyzer to produce a signal which is matched to the 50 coupling relationship in the couplers 104 and 106 if 

27 B y y U" SpCCtr i! m < T lyZer ' ™ d they m tBMh ^ or bv trimmi *g the transmission' of 

l™ m K g £ e corresponding matclungfrequency as either arm 108 or arm 110, depending on which arm is 

produced .by the frequency synthesizer. These measur- carrying more light, using bending or similar tech- 

ing procedures and the associated equipment for accom- niques. 

plishing this technique are described more fully hereaf- 55 In many conventional applications, such as in the 

e Ti, 0 ^i,«-„. r*u • , . . interferometric sensor arrangement illustrated in FIG. 

The techmque of the present mvention, and the phys- 1, one is interested in finding the exact value of the 

ical relationships providing the basis for, and associated differential delay r of each of the interferometers, so 

with, operation of the techmque may now be described that the delay periods in the interferometers may be 
somewhat more rigorously. In particular, reference is 60 matched. This differential delay t is directly related to 

SZZ TmVc * ^ e ^f ometer n ^. nfi ^tion illus- the notch frequency, as indicated in Equation (3). 

EX h T f ^ ty m ° dula " Experimental, U can be detained only to 

t iu u nVC 3n S0U f° e havlng a coher ' within a certain tolerance defined as Af. A deeper notch 

ence length which is much shorter than the differential results in a smaller Af. Therefore, it would appear that 

£T£ f^ y r =ST -T T2, -* the t / ansfer / uncti0n T ^ 65 the dee P er notch, the more accurate the measure- 
arm, iSTLJ N?n^£ ? S^° ra f u m thC tW ° ment would be - However, since the experimentally 

arms 108 and 110 of the circuit. T(f) may be expressed measured M(f) is noisy in the vicinity of a deep notch, it 

a ^ k necessary to choose for the tolerance Af a value such 
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that M(WA±A0/M(f W rcA)=a certain threshold. For to FIGS. 3 and 4. This intensity modulated optical sig- 

purposes of example, a threshold of 3 dB is used herein. nal is communicated via line 206 to the interferometer 
Accordingly, from Equation (2), the following is de- 208 where a portion of the optical input signal is propa- 

rived: gated through arm 216, and the remainder of the signal 

5 is propagated through arm 214. 

Wmb ^ Ar a Mi - A *\ x i (5) The signals from the interferometer 208 are combined 

' " T 2tr N A\A2 * 0 ' 5 + ^ in coupler 212 and the combined signal is coupled into 

optical fiber 206. The signal in fiber 206 is then commu- 

It is noted that the periodicity of M(f) dictates notches , 0 nicated from fiber 206 to the photodiode 218, which 

with a fixed width, independent of the notch order. produces an electrical signal representative of the opti- 

Therefore, the 3 dB normalized width of each notch cal signal communicated from fiber 206. The signal 

decreases with the notch order i. Accordingly, by going from photodiode 218 is communicated via amplifier 220 
to very high frequencies, a value for the relationship of to the spectrum analyzer 222, which functions in re- 

Ar/r in the ppm range is readily achieved. 15 sponse to the tracking generator 200 to define a network 

The differential, length L between the actual length of analyzer which displays an output signal representative 
the optical fiber arms 108 and 110 is defined by of the signal coinmunicated from interferometer 208 on 
L=vgroup-Vg mU p and t may vary with the source wave- fiber 2 06. Specifically, the spectrum analyzer displays 
length and the temperature As a result, the resolution waveforms Muting notches identifying those frequen- 
of the differences to a desired I tolerance is achieved only 2Q cie$ of ^ modulation signal which 
on a comparative basis such as between two similar . « * * • i r t 
unbalanced interferometers or recirculating loops, as 7°?™ ° T ™ U ° UtpUt ^ ^ C ° Upkr 
illustrated in FIGS. 1 and 2. The method for accom- 21 \ ° n 10 tlber . 206 ' . . j L 
plishing such matching between these loops is described , ASta centerm S a desired notch on the spectrum ana- 
hereafter. lvzer screen » toe switch 226 is closed to connect the 

Referring now to FIG. 5, one preferred embodiment 25 frequency synthesizer 224 into the system. The synthe- 

of a system for accomplishing the technique disclosed S ^ Z£T signal is combined with the detector signal so that 

herein may be described. Specifically, a tracking gener- both signals appear on the display of the spectrum ana- 

ator 200 comprising an oscillator is utilized to provide a lyzer 222. By adjusting the frequency of the signal from 

sinusoidal intensity modulation signal which is commu- the frequency synthesizer 224, the frequency of the 

nicated via an amplifier 202 to a multimode laser diode 30 corresponding notch in the signal displayed by the spec- 

204. Laser diode 204 comprises a conventional, com- trum analyzer can be matched very precisely. With the 

mercially available laser diode having a short coherence displayed signals so matched, the frequency of the sig- 

length. For example, the laser diode 204 may comprise naJ from ^ syn thesizer corresponds to the frequency 

a Model GO-ANA laser diode, commercially available of Ae sinusoidal intensity modulation signal which pro- 

from General Optronics. duced the or null corresponding to the notch 

rK LaS , e n<f ° de 2 " optically coupled to an optical g . ^ ^ j ^ b spectrum £ 

fiber 206 for communicating optical signals to an inter- * ^„LjL e A * m „t A ^ ; ' „ f ^ 

ferometer generally indicated at 208 Interferometer , F ° T P u *° f se * of exam ^ the implementation of the 

208 comprises an input fiber-optic directional coupler ? <* ******** "T*?* 0n Sy ? em of 

210 positioned at a first location on optical fiber 206, «° mG < * ■ described. Specifically, a multimode laser 

and an output fiber-optic directional coupler 212 posi- dlode havm 8 a short coherence length of approximately 

tioned at a second location on the optical fiber 206. An 2 cm was ^ Mach-Zehnder interferometer 208 
interferometer arm 214 is defined on that portion of was constructed using single-mode fiber at 820 nm and 

fiber 206 extending between couplers 210 and 212. An- tunable, fiber-optic couplers. The differential length 

other interferometer arm 216 providing an optical sig- 45 between the arms 214 and 216 of the interferometer 208 

nal delay path comprises an optical fiber which is se- was about 48.2 meters. 

cured at either end to couplers 210 and 212 so as to be FIGS. 6a and 6b graphically illustrate signals dis- 

in coupling relationship through those couplers to the played on the spectrum analyzer in response to sinusoi- 

optical fiber 206. dal intensity modulation of the optical input signal at 

The output from interferometer 208 is coinmunicated 50 selected frequencies. Specifically, FIG. 6a illustrates a 

from coupler 212 on optical fiber 206 to an optical con- no tch corresponding to notch order 32 (i=32) which 

nection with an avalanche photodiode 218 which com- has a minimum 250 at a frequency of 137.899 MHz. The 

prises a detector for receiving and communicating elec- notch illustrated in FIG. 6b was produced by the same 

tncal signals representative of opucal signals received system configuration, but comprises the notch order 

from fiber 20* The avalanche photodiode 218 is con- 55 m ^ notch fc found have 

2% ™t™l2 ZKI^ at a fre ^ c y ° f 986.502 MHz. It is noted that even 

222. I ne spectrum analyzer 222 is also connected to the . . . "V . . . . . . e 

tracking generator 200 to form a network analyzer. A ^ h ther \ ls a substantial difference in the frequency 
frequency synthesizer 224 is connectable via a switch of n ° tches > remain similar m shape, 
generally indicated at 226 to the input of the spectrum 60 Us *g the apparatus descnbed above, the value for 
analyzer 222. ' tne orc ^ er > °f ^ e notches was obtained by counting the 
In operation, an intensity modulation signal is gener- notches from frequency f=0 to the notch of interest, 
ated in the tracking generator 200 and communicated witn the frequency information obtained from the 
via amplifier 202 to the multimode laser diode 204. notches illustrated in the spectrum analyzer, as de- 
Subject to the influence of the signal from tracking 65 scribed with reference to FIG. 6, and based on the order 
generator 200, the laser diode 204 produces an optical of those notches obtained by the counting method 
signal which is sinusoidally intensity modulated to ere- above, the differential propagation delay period r was 
ate a waveform such as those described with reference calculated using Equation (3). 
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Alternatively, two adjacent notch frequencies were 
measured, with that difference providing a rough ap- 
proximation of 1/t as was described previously. 

Based upon the known frequencies of the adjacent 
notches, and the approximation of 1/t, Equation (3) 5 
was utilized to obtain a value for the order i of the 
notch. Since it is known that i must be an integer, any 
error in the value of i can be eliminated. The two meth- 
ods described above for obtaining the value of r were 
compared, and were found to give the same results. io 

The above described system and technique can be 
used in accomplishing matching of differential propaga- 
tion delay periods between components such as the 
interferometers of the system of FIG. 1 or the recircu- 
lating loops in the configuration of FIG. 2. For exam- 15 
pie, once the value of the differential propagation delay 
(r) is obtained, one may trim this delay to a desired 
value by using any technique for removing small 
lengths of optical fiber in the interferometric arms or 
delay lines, according to the relationship: 20 


14 


1 

T new 


{L 0 id - L new ) 


(6) 


Told 


where: 25 

L 0 /</and T 0 yare the differential fiber length and prop- 
agation delay before adjustment; and 

L new and T„ ew are the corresponding differential 
length and delay after adjustment. 

One technique for accomplishing this matching in- 30 
volves use of capillary tubes to hold the fibers for splic- 
ing. The capillary tubes and the fibers contained therein 
are ground down by polishing or other grinding tech- 
niques to a desired length. The fiber ends and capillary 
tubes are spliced after adjustment. Upon measurement, 35 
the fibers and tubes can be further ground and respliced 
to accomplish additional length adjustment. This or any 
other technique for removing small lengths of fiber can 
be utilized in accomplishing this matching process. 

One embodiment of the technique of the present in- 40 
vention has been described herein. In the described 
embodiment, the differential delay is determined based 
on identification and measurement of null waveforms in 
the reference signal. However, this technique can be 
used in conjunction with the identification of any re- 45 
peating waveform configuration in the reference signal. 
For example, one could base the determination of the 
differential delay oh identification and measurement of 
peaks in the reference signal waveform, when the peri- 
odic modulation signals which are combined at the 50 
output are in phase with each other. 

Although the technique and system for implementing 
the technique have been described particularly with 
reference to the Mach-Zehnder interferometer configu- 
rations of FIGS. 3 and 4, as they related to FIG. 1, it 55 
will be appreciated that the feed-backward or back- 
ward-flow recirculating system illustrated in FIG. 2 is 
also monitored and evaluated by the same technique. 
Like the interferometer of FIG. 1, the method and tech- 
nique disclosed herein are applicable with the delay 60 
device illustrated in FIG. 2, since proper adjustment of 
the coupling coefficient and/or loop loss results in deep 
periodic notches as displayed on the spectrum analyzer. 

In summary, not only does the invention described 
herein comprise a significant improvement over the 65 
prior art in accomplishing accurate determination of 
differential propagation delays in fiber-optic circuits, 
but it also overcomes other long-existent problems in 


the industry by (1) providing a technique and system for 
accomplishing determination of the differential propa- 
gation delays through use of the high order frequency 
filtering characteristics of the circuits themselves, 
thereby minimizing the requirement for external equip- 
ment; (2) providing a technique and system which is 
sufficiently accurate to meet the tolerances required for 
proper operation of interferometric fiber-optic sensing 
systems and fiber-optic signal processors, so that com- 
parably less expensive and more readily obtainable opti- 
cal sources having short coherence lengths may be 
utilized in such systems; (3) providing a technique and 
system capable of use with a very broad range of optical 
path length differences, which range is not limited by 
the optical source coherence length; and (4) providing a 
technique and system which can be easily and readily 
implemented on fiber-optic circuits for accomplishing 
repeated measurements of the differential propagation 
delay as fiber length adjustments are made, in order to 
bring the differential propagation delay to a desired 
value. 

The invention may be embodied in other specific 
forms without departing from its spirit or essential char- 
acteristics. The described embodiments are to be con- 
sidered in all respects only as illustrative and not restric- 
tive. The scope of the invention is, therefore, indicated 
by the appended claims rather than by the foregoing 
description. All changes which come within the mean- 
ing and range of equivalency of the claims are to be 
embraced within their scope. 

What is claimed is: 

1. A method for determining differential signal propa- 
gation delays in circuits, comprising: 

transmitting a periodic signal into each of first and 
second signal paths; 

summing signals which are output from the two sig- 
nal paths to produce a reference signal; 

adjusting the frequency of said periodic signal while 
monitoring said reference signal; 

determining a first particular frequency of the peri- 
odic signal transmitted into the two signal paths at 
which the reference signal comprises a first se- 
lected waveform configuration; 

detenmning a second particular frequency of the 
periodic signal transmitted into the two signal 
paths at which the reference signal comprises a 
second selected waveform configuration, said sec- 
ond particular frequency different from said first 
particular frequency; and 

detennining the difference between the first particu- 
lar frequency producing the first waveform config- 
uration in the reference signal and the second par- 
ticular frequency producing the second waveform 
configuration in the reference signal, thereby iden- 
tifying a value representative of the difference in 
signal propagation time between the first and sec- 
ond signal paths. 

2. A method for determining differential signal propa- 
gation delays as defined in claim 1 wherein the periodic 
signal comprises a sinusoidal waveform. 

3. A method for determining differential signal propa- 
gation delays as defined in claim 2, wherein the first and 
second selected waveform configurations of the refer- 
ence signal comprise substantially null waveforms. 

4. A method for determining differential signal propa- 
gation delays in circuits, comprising: 
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transmitting a periodic signal comprising a sinusoidal 
waveform into each of two signal paths; 

summing signals which are output from the two sig- 
nal paths to produce a reference signal; 

determining one particular frequency of the signal! 
transmitted into the two signal paths at which the 
reference signal comprises a first selected substan- 
tially null waveform; 

determining another particular frequency of the sig- 
nals transmitted into the two signal paths at which 
the reference signal comprises another selected 
substantially null waveform; and 

determining the difference between the particular 
frequency producing the first substantially null 
waveform in the reference signals and the particu- 
lar frequency producing said another substantially 
null waveform in the reference signal, thereby 
identifying a value representative of the difference 
in signal propagation time between the first and 
second signal paths, 

wherein other substantially null waveforms are pro- 
duced in the reference signal at frequency values 
between those of the sinusoidal signal which pro- 
duce said first and said another substantially null 
waveforms, with each said substantially null wave- 
form being assigned an order value which increases 
sequentially with each increased frequency pro- 
ducing the corresponding null waveform, and 

wherein the step of detennining the difference com- 
prises dividing the difference between the frequen- 
cies which produce said first and said another sub- 
stantially null waveforms by the difference in order 
number between said first and said another substan- 
tially null waveforms, thereby identifying a value 
representative of the difference in signal propaga- 
tion time between the first and second signal paths. 

5. A method for determining differential signal propa- 
gation delays as defined in claim 4, wherein the step of 
determining the difference comprises the steps of: 

providing a signal corresponding to the reference 
signal into a network analyzer wherein notch 
waveforms are presented at reference signal fre- 
quencies corresponding to the null waveforms; and 

determining frequency difference between selected 45 
notch waveforms to obtain a value representative 
of difference in signal propagation time between 
the first and second paths. 

6. A method for determining differential signal propa- 
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8. A method for determining differential signal propa- 
gation delays in circuits, comprising: 

transmitting a periodic signal comprising a sinusoidal 
waveform into each of two signal paths; 

summing signals which are output from the two sig- 
nal paths to produce a reference signal; 

determining one particular frequency of the signals 
transmitted into the two signal paths at which the 
reference signal comprises a first selected substan- 
tially null waveform; 

determining another particular frequency of the sig- 
nals transmitted into the two signal paths at which 
the reference signal comprises another selected 
substantially null waveform; and 

determining the difference between the particular 
frequency producing the first substantially null 
waveform in the reference signal and the particular 
frequency producing said another substantially null 
waveform in the reference signal, thereby identify- 
ing a value representative of the difference in signal 
propagation time between the first and second 
signal paths, said step of determining the difference 
comprising the steps of: 

providing a signal corresponding to the reference 
signal into a network analyzer wherein notch 
waveforms are presented at reference signal fre- 
quencies corresponding to the null waveforms; 
and 

determining frequency difference between selected 
notch waveforms to obtain a value representa- 
tive of difference in signal propagation time be- 
tween the first and second paths. 

9. A method for determining differential signal propa- 
gation delays as defined in claim 8, wherein at least one 
of said selected notch waveforms is at a high modula- 
tion signal frequency. 

10. A method for determining differential signal 
propagation delays as defined in claim 9, wherein said at 
least one notch waveform which is at a high modulation 
signal frequency is selected such that the measured 
amount of modulation M(f) at the selected frequency is 
within a selected tolerance Af at a selected threshold 
value, according to the following relationship: 

Mif notch ± A/) 

— M(f no(di y - the selected threshold 

11. A method for determining differential signal 


gation delays as defined in claim 5, wherein the step of 50 propagation delays in optical signal paths, comprising 


deterniining frequency difference between selected 
notch waveforms comprises: 

selecting a first notch waveform having a first wave- 
form order value; 

selecting a second notch waveform having a second 55 
waveform order value; and 

dividing the difference in frequency between the first 
and second notch waveform by the difference be- 
tween the first and second waveform order values 
to obtain a value representative of difference in 60 
signal propagation time between the first and sec- 
ond paths. 

7. A method for determining differential signal propa- 
gation delays as defined in claim 6, further comprising 
the step of determining the inverse of said value repre- 65 
sentative of the signal propagation time to obtain the 
value of the signal propagation delay between the first 
and second paths. 


the steps of: 

transmitting a periodic signal into each of first and 
second signal paths; 

adjusting the frequency of said periodic signal; 

combining signals which are output from the two 
signal paths to produce a combined output signal, 
said combined output signal having a plurality of 
waveforms that vary in accordance with the fre- 
quency of said periodic signal, said plurality of 
waveforms including a plurality of substantially 
null waveforms at a corresponding plurality of 
frequencies of said periodic signal; and 

using the frequencies of said periodic signal corre- 
sponding to at least two of the substantially null 
waveforms to determine a differential delay be- 
tween signals in the two signal paths. 

12. A method for determining differential signal 
propagation delays as defined in claim 11, wherein the 
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step of using at least two of the substantially null wave- 
forms comprises: 
determining a first frequency of the periodic signal 

corresponding to a first selected substantially null 

waveform; 

determining a second frequency of the periodic signal 
corresponding to a second selected substantially 
null waveform, said second frequency different 
from said first frequency; and 

determining the difference between the frequencies 
corresponding to the first and second substantially 
null waveforms, thereby identifying a value repre- 
sentative of the difference in signal propagation 
times between the first and second signal paths. 

13. A method for determining differential signal 
propagation delays as defined in claim 12, wherein at 
least one of the frequencies corresponding to the first 
and second substantially null waveforms is a high fre- 
quency value. 

14. A method for determining differential signal 20 
propagation delays as defined in claim 12, wherein 
other substantially null waveforms are produced at 
periodic signal frequency values between those of the 
periodic signal which produce said first and said second 
substantially null waveforms, with each said substan- 
tially null waveform being assigned an order value 
which increases sequentially with each increased fre- 
quency producing the corresponding null waveform, 
and wherein the step of detennining the difference com- 
prises dividing the difference between the frequencies 
which produce said first and said second substantially 
null waveforms by the difference in order number be- 
tween said first and said second substantially null wave- 
forms, thereby identifying a value representative of the 35 
difference in signal propagation time between the first 
and second signal paths. 

15. A method for determining differential signal 
propagation delays as defined in claim 14, wherein the 
step of determining the difference comprises the steps m 
of: w 

providing signals corresponding to the combined 
signals into a network analyzer wherein notch 
waveforms are presented at signal frequencies cor- 
responding to the substantially null waveforms; 45 
and 

detennining frequency difference between selected 
notch waveforms to obtain a value representative 
of difference in signal propagation time between 
the first and second signal paths. 50 

16. A method for determining differential signal 
propagation delays as defined in claim 15, wherein the 
step of determining frequency difference between se- 
lected notch waveforms comprises: 

selecting a first notch waveform having a first wave- 55 
form order value; 

selecting a second notch waveform having a second 
waveform order value; and 

dividing the difference in frequency between the first 
and second notch waveform by the difference be- 60 
tween the first and second waveform order values 
to obtain a value representative of difference in 
signal propagation time between the first and sec- 
ond signal paths. 

17. A method for determining differential signal 65 
propagation delays as defined in claim 16, further com- 
prising the step of detennining the inverse of said value 
representative of the signal propagation time to obtain 
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the value of the signal propagation delay between the 
first and second signal paths. 

18. A method for determining differential signal 
propagation delays as defined in claim 15, wherein at 
least one of said selected notch waveforms is at a high 
modulation signal frequency. 

19. A method for determining differential signal 
propagation delays as defined in claim 18, wherein said 
at least one notch waveform which is at a high modula- 
tion signal frequency is selected such that the measured 
amount of modulation M(f) at the selected frequency is 
within a selected tolerance Af at a selected threshold 
value, according to the following relationship: 

M{f no tch ± 4/) 

~ M(f notch ) " = the sclectcd threshold 

20. A method for determining differential signal 
propagation delays as defined in claim 11, wherein the 
periodic signal comprises sinusoidal waveform. 

21. A method for determining differential signal 
propagation delays as defined in claim 11, wherein the 
step of transmitting a periodic signal comprises the step 
of transmitting a sinusoidal optical signal into an optical 
input port of an unbalanced interferometer which de- 
fines said first and second signal paths. 

22. A system for determining differential signal prop- 
agation delay between first and second optical paths, 
comprising: 

a source of optical signals; 

means for sinusoidally amplitude modulating optical 
signals from said source of optical signals at a plu- 
rality of modulation frequencies; 

means defining a first optical path for propagating at 
least a portion of an amplitude modulated optical 
signal from the source therethrough; 

means defining a second optical path for propagating 
at least a portion of said amplitude modulated opti- 
cal signal therethrough; 

means for combining optical signals which have 
propagated through the first and second optical 
paths to form a reference signal; 

means for detecting null waveforms in said reference 
signal corresponding to at least two of said plural- 
ity of modulation frequencies; and 

means for identifying the modulation frequencies of 
amplitude modulated optical signals corresponding 
to at least two particular null reference signal 
waveforms. 

23. A system for determining differential signal prop- 
agation delay between first and second optical paths, 
comprising: 

a source of optical signals comprising a laser diode 
for providing optic signals having a short coher- 
ence length; 

means for sinusoidally amplitude modulating optical 
signals from said source of optical signals; 

means defining a first optical path for propagating at 
least a portion of an amplitude modulated optical 
signal from the source therethrough; 

means defining a second optical path for propagating 
at least a portion of said amplitude modulated opti- 
cal signal therethrough; 

means for combining optical signals which have 
propagated through the first and second optical 
paths to form a reference signal; 
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means for detecting null waveforms in said reference 
signal; and 

means for identifying the frequency of an amplitude 
modulated optical signal corresponding to a partic- 
ular null reference signal waveform. 5 

24. A system for determining differential signal prop- 
agation delay as defined in claim 22, wherein the means 
for combining optical signals comprises an optical cou- 
pler. 

25. A system for determining differential signal prop- 10 
agation delay as defined in claim 22, wherein the means 
for detecting comprises a network analyzer. 

26. A system for determining differential signal prop- 
agation delay between first and second optical paths, 
comprising: IS 

a source of optical signals; 

means for sinusoidally amplitude modulating optical 
signals from said source of optical signals; 

means defining a first optical path for propagating at 
least a portion of an amplitude modulated optical 20 
signal from the source therethrough, said means 
defining a first optical path comprising a first opti- 
cal fiber which is optically coupled to receive opti- 
cal signals transmitted from the source of optical 
signals; 25 

means defining a second optical path for propagating 
at least a portion of said amplitude modulated opti- 
cal signal therethrough; 

means for combining optical signals which have 
propagated through the first and second optical 30 
paths to form a reference signal; 

means for detecting null waveforms in said reference 
signal; and 

means for identifying the frequency of an amplitude 
modulated optical signal corresponding to a partic- 35 
ular null reference signal waveform. 

27. A system for determining differential signal prop- 
agation delay as defined in claim 26, wherein the first 
optical fiber comprises a first arm in an optical interfer- 
ometer and wherein the means for defining a second 40 
optical path comprises a second optical fiber which is 
optically coupled to the first optical fiber in a configura- 
tion forming a second arm of the optical interferometer. 

28. A system for determining differential signal prop- 
agation delay between first and second optical paths, 45 
comprising: 

a source of optical signals; 

means for sinusoidally amplitude modulating optical 
signals from said source of optical signals; 

means defining a first optical path for propagating at 50 
least a portion of an amplitude modulated optical 
signal from the source therethrough; 

means defining a second optical path for propagating 
at least a portion of said amplitude modulated opti- 
cal signal therethrough; 55 

means for combining optical signals which have 
propagated through the first and second optical 
paths to form a reference signal; 

means for detecting null waveforms in said reference 
signal, said means for detecting comprising a net- 60 
work analyzer; and 

means for identifying the frequency of an amplitude 
modulated optical signal corresponding to a partic- 
ular null reference signal waveform, said means for 
identifying the frequency comprising a frequency 65 
synthesizer for providing a frequency signal which 


is matched on the network analyzer with the refer- 
ence signal to provide a measure of the frequency 
of the menas for sinusoidally amplitude modulat- 
ing. 

29. A system for determining differential signal prop- 
agation delay between first and second optical paths, 
comprising: 

a source of optical signals; 

means for sinusoidally amplitude modulating optical 
signals from said source of optical signals; 

means defining a first optical path for propagating at 
least a portion of an amplitude modulated optical 
signal from the source therethrough; 

means defining a second optical path for propagating 
at least a portion of said amplitude modulated opti- 
cal signal therethrough; 

means for combining optical signals which have 
propagated through the first and second optical 
paths to form a reference signal; 

means for detecting null waveforms in said reference 
signal, said means for detecting comprising a spec- 
trum analyzer; and 

means for identifying the frequency of an amplitude 
modulated optical signal corresponding to a partic- 
ular null reference signal waveform. 

30. A sytem for determining differential signal propa- 
gation delay between first and second optical paths, 
comprising: 

means for transmitting a periodic signal having an 
adjustable frequency into each of two signal paths; 

means for combining signals which are output from 
the two signal paths to produce a plurality of sub- 
stantially null waveforms, each of said plurality of 
substantially null waveforms corresponding to a 
respective frequency of said periodic signal; and 

means for using said respective frequencies corre- 
sponding to at least two of the substantially null 
waveforms to determine the differential delay be- 
tween signals in the two signal paths. 

31. A system for determining differential signal prop- 
agation delay between first and second optical paths, 
comprising: 

means for transmitting a periodic signal into each of 
two signal paths; 

means for combining signals which are output from 
the two signal paths to produce a plurality of sub- 
stantially null waveforms; and 

means for using at least two of the substantially null 
waveforms to determine differential delay between 
signals in the two signals paths, said means for 
using at least two of the substantially null wave- 
forms comprising: 

means for determining frequency of the periodic 
signal corresponding to a first selected substan- 
tially null waveform; 

means for determining frequency of the periodic 
signal corresponding to a second selected sub- 
stantially null waveform; and 

means for determining the difference between the 
frequencies corresponding to the first and sec- 
ond substantially null waveforms, thereby identi- 
fying a value representative of the difference in 
signal propagation times between the first and 
second signal paths. 
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